Introduction {#s1}
============

Glioblastoma is the most aggressive type of primary brain tumor and accounts for approximately 52% of all primary brain tumor cases [@pone.0078943-Suzuki1]. Regardless of advances in microsurgery techniques, radiotherapy (RT) and chemotherapy, the survival rate for glioblastoma has remained very low, and most patients with glioblastoma die within 2 years [@pone.0078943-Louis1]. Standard therapy for glioblastoma consists of maximal surgical resection within safe limits, followed by RT. Chemotherapeutic agents, including nitrosourea, have been used concurrently with RT and/or in an adjuvant setting [@pone.0078943-Walker1]. However, the addition of chemotherapeutic agents to RT resulted in limited success for survival [@pone.0078943-Stewart1]. A meta-analysis based on 12 randomized trials showed a small survival benefit from the combined use of chemotherapy and RT compared with RT alone. In the meta-analysis, a 5% increase in survival at 2 years was observed in patients treated with the combined therapy. However, the meta-analysis included 37% of patients with prognostically more favorable lower-grade gliomas [@pone.0078943-Stewart1].

Temozolomide (TMZ, marketed as Temodar by Schering-Plough, USA) is an oral alkylating agent. TMZ has been shown to improve the survival of patients with glioblastoma in concomitant and adjuvant use with RT. In 2005, a randomized phase III trial by the European Organization for Research and Treatment of Cancer (EORTC) and the National Cancer Institute of Canada Clinical Trials Group CE3 (NCIC), including 573 glioblastoma patients, established TMZ as the standard chemotherapeutic agent for glioblastoma treatment [@pone.0078943-Stupp1]. In their study, after surgical resection, TMZ (75 mg/m^2^/day×7 days/week for 6 weeks) was administered concomitantly with RT (total dose of 60 Gy delivered by a schedule of 2 Gy/day×5 days/week for 6 weeks) and in the adjuvant setting (200 mg/m^2^/day×5 days, every 28 days for 6 cycles). After adding TMZ to RT, the median survival improved from 12.1 to 14.6 months, and the 2-year survival rates improved from 10.4% to 26.5%. The long-term results of the trial published in 2009 demonstrated that the 5-year survival rates of the patients treated with the combined therapy and those receiving RT alone were 9.8% and 1.9%, respectively. These results further confirmed the efficacy of adding TMZ to RT [@pone.0078943-Stupp2].

Accordingly, TMZ treatment for high-grade gliomas has been covered by health insurance in Japan since September 2006. However, the survival benefit from the combined treatment with RT and TMZ in Japanese patients with glioblastoma has not been reported. Thus, in this study, patients with newly diagnosed glioblastoma treated with RT plus TMZ in Gunma University Hospital were retrospectively investigated. The survival of TMZ-treated patients and our institutional historical data of glioblastoma patients treated with RT ± various chemotherapeutic agents were compared.

Materials and Methods {#s2}
=====================

Ethics Statement {#s2a}
----------------

Anonymity of the patients was preserved. All patients provided their written informed consent to participate in this study. The current study was approved by the Gunma University Hospital, Gunma, Japan. The institutional ethics committee exempted the current study from the usual review process because of its retrospective nature.

Patients {#s2b}
--------

Between September 2006 and December 2011, a total of 47 patients were newly diagnosed with histologically confirmed glioblastoma (World Health Organization \[WHO\] grade IV astrocytoma) and received RT at Gunma University Hospital. Among these patients, 45 (95.7%) were treated with a combination of RT and TMZ and included in the present study as the TMZ group, while only two patients were not treated with the combined therapy because of their unfavorable general condition. A series of 36 patients treated with RT ± various chemotherapeutic agents between January 1988 and August 2006 (control group) was utilized as a historical control. All patients were followed for more than 1 year or until they died. Informed consent for the treatment and research was appropriately obtained from all patients, and the anonymity of the patients was preserved. The current study was approved by the Gunma University Hospital, Gunma, Japan. The institutional ethical committee exempted the current study from the usual review process because of its retrospective nature.

Surgical Resection {#s2c}
------------------

Surgical resection of the tumors to the maximal extent within safe limits was performed in all patients. The extent of the resection was classified as gross total resection (GTR), subtotal resection (SR), partial resection (PR) or biopsy.

Radiotherapy {#s2d}
------------

RT was given with 10 MV X-rays delivered by a linear accelerator. Patients in the TMZ group were irradiated with a total dose of 60 Gy using conventional 3D conformal RT (3DCRT) (2 Gy/fraction; 5 fractions/day; 5 days/week). The radiation field covered the target volume plus 2-cm margins. In the first 50 Gy, the target volume included all of the high-intensity areas on T2-weighted images from magnetic resonance imaging (MRI). In the following 10 Gy, the target volume included all of the gadolinium-enhanced areas on the MRI T1-weighted images.

Patients in the control group were treated using either the conventional, hyper-fractionated (e.g., 1 Gy/fraction; 2 fractions/day; 5 days/week) or hypo-fractionated (e.g., 2.5 Gy/fraction; 2 fractions/day; 2 days/week) regimen. To compare the total doses delivered by different regimens, the biological effective dose (BED: α/β ratio = 10.0) was used as previously described (e.g., 60 Gy/30 fractions = BED of 72 Gy) [@pone.0078943-Suzuki1].

Chemotherapy {#s2e}
------------

Patients in the TMZ group received TMZ (75 mg/m^2^/day) every day during the RT period. After a 4-week break, the patients received adjuvant TMZ (200 mg/m^2^/day) according to the standard 5-day schedule every 28 days as long as it was tolerable. Among the 36 patients in the control group, 20 patients received chemotherapy with the PAV (procarbazine, nimustine and vincristine) regimen or other regimens. Nine patients received RT alone. Information on chemotherapy was lost in 7 patients. Interferon-β (IFN-β) was administered in 10 and 7 patients in the TMZ and the control groups, respectively.

Immunohistochemical Studies {#s2f}
---------------------------

Immunohistochemical studies on O^6^-methylguanine-DNA-methyltranferase (MGMT) and MIB-1 were carried out in the TMZ group. Surgical specimens from the patients in the TMZ group were fixed in neutral formalin immediately after the tumors were resected and embedded in paraffin. The paraffin-embedded tissue sections (5 µm thick) were stained with hematoxylin-eosin. Immunohistochemical staining was performed as previously described [@pone.0078943-Nagaishi1]. Tumors containing cells stained for MGMT in more than 23.0% of their nuclei were considered positive for MGMT expression, according to a previous study [@pone.0078943-Quillien1]. The positivity for MGMT expression was determined by two pathologists (M. N. and H. Y.). MIB-1 labeling index (LI) was measured using the computer software GunmaLI as previously described [@pone.0078943-Tanaka1].

Statistical Analysis {#s2g}
--------------------

Continuous variables were analyzed by the Student's *t* test or Welch's test in cases in which the variances of the two groups were or were not equal, respectively. Categorical variables were analyzed by Fisher's exact test. The influence of potential prognostic factors was examined by univariate and multivariate analyses using the Cox proportional hazards model. These analyses were completed with StatMateIII ver. 3.17 (ATMS, Tokyo, Japan). Survival analyses were performed according to the Kaplan-Meier method with two-sided log-rank statistics using JMP 8 (SAS Institute Inc., Tokyo, Japan). Differences were considered statistically significant at P values\<0.05.

Results {#s3}
=======

The patient characteristics are summarized in [**Table 1**](#pone-0078943-t001){ref-type="table"}. There were no significant differences in patient characteristics, including age, sex, extent of surgery, total radiation dose evaluated by BED and the number of patients receiving IFN-β therapy, between the two groups. Thirty patients (66.6%) in the TMZ group received concurrent treatment with RT and TMZ as planned. Four patients (8.8%) did not receive RT as planned because of disease progression. Ten patients (22.2%) experienced discontinuance or dose reduction of the concomitant TMZ because of hematological toxicities and other reasons. Thirty-nine patients in the TMZ group (86.6%) started adjuvant TMZ and received a median of 7 cycles (range, 0 to 54). The main reason for discontinuing adjuvant TMZ therapy was disease progression. Twenty-one cases (46.6%) in the TMZ group were positive for MGMT expression, and the median value of MIB-1 LI in the TMZ group was 23.0% (range, 5.1 to 65.0%). MGMT expression and MIB-1 LI could not be assessed in one patient because of insufficient paraffin-embedded tissue.

10.1371/journal.pone.0078943.t001

###### Characteristics of patients treated with radiotherapy plus temozolomide.

![](pone.0078943.t001){#pone-0078943-t001-1}

  Characteristics             CTR (n = 36)     TMZ (n = 45)     P-value
  -------------------------- -------------- ------------------ ---------
  Age (years)                                                  
  Median (range)               59 (9--79)       60 (5--79)       0.71
  Sex                                                          
  Male                             23               29           1.00
  Female                           13               16         
  Extent of surgery                                            
  GTR                              11               7            0.26
  SR+PR                            23               34         
  Biopsy                           2                4          
  Radiation dose (BED; Gy)                                     
  Median (range)              72 (9.6--80)     72 (65--72)       0.30
  Adjuvant TMZ (cycle)                                         
  Median (range)                                7 (0--54)         --
  IFN-β therapy                                                
  Yes                              10               7            0.27
  No                               26               38         
  MGMT expression                                              
  Positive                         --               21            --
  Negative                         --               23         
  Not assessed                     --               1          
  MIB-1 labeling index (%)                                     
  Median (range)                   --        23.0 (5.1--65.0)     --

CTR, control group; TMZ, temozolomide group; GTR, gross total removal; SR, subtotal removal; PR, partial removal; MGMT, O6-methylguanine DNA metyltransferase; BED, biological effective dose; SD, standard deviation; IFN-β, interferon-β. MIB-1 labeling index could not be assessed in one patient because of insufficient paraffin-embedded tissue.

[**Figure 1**](#pone-0078943-g001){ref-type="fig"} and [**Table 2**](#pone-0078943-t002){ref-type="table"} show the survival of the patients. At the time of the analysis, 85.1% of the patients had died after a median follow-up of 14.0 months (range, 1.0 to 70.2 months). Survival was greater in the TMZ group than the control group throughout the follow-up. The hazard ratio for death in the TMZ group relative to the control group was 0.52, with a 95% confidence interval (CI) from 0.27 to 0.77 (P\<0.01 by two-sided log-rank test). The median survival was 15.8 months (95% CI, 12.3--19.3 months) in the TMZ group and 12.0 months (95% CI, 9.7--14.3 months) in the control group. Thus, the addition of TMZ resulted in a median survival benefit of 4.0 months. The survival rates of patients in the TMZ group were 71.1% (95% CI, 57.5--84.7%) at 1 year, 27.7% (95% CI, 13.2--42.2%) at 2 years and 21.6% (95% CI, 7.9--35.3%) at 3 years. The survival rates of patients in the control group were 43.8% (95% CI, 26.8--60.8%) at 1 year, 14.6% (95% CI, 2.4--26.8%) at 2 years and 8.8% (95% CI, −1.0--18.6%) at 3 years.

![Kaplan-Meier estimates of overall survival.\
P-values were calculated using a two-sided log-rank test. TMZ, temozolomide.](pone.0078943.g001){#pone-0078943-g001}

10.1371/journal.pone.0078943.t002

###### Kaplan-Meier estimates of overall survival.

![](pone.0078943.t002){#pone-0078943-t002-2}

                                CTR (n = 36)        TMZ (n = 45)
  -------------------------- ------------------- -------------------
  Hazard ratio                       1.0          0.52 (0.27--0.77)
  Median survival (months)    12.0 (9.7--14.3)    15.8 (12.3--19.3)
  Overall survival (%)                           
  1-year                      43.8 (26.8--60.8)   71.1 (57.5--84.7)
  2-year                      14.6 (2.4--26.8)    27.7 (13.2--42.2)
  3-year                      8.8 (−1.0--18.6)    21.6 (7.9--35.3)

Values with 95% confidence interval are shown. CTR, control group; TMZ, temozolomide group.

[**Table 3**](#pone-0078943-t003){ref-type="table"} shows the univariate and multivariate analyses for survival in all patients. Univariate analysis showed that extent of surgery and use of TMZ had a significant impact on survival. The extent of surgery had the strongest impact on survival (P\<0.01), while the use of TMZ had the second strongest impact on survival (P = 0.049). Multivariate analysis also revealed that the extent of surgery and use of TMZ had a significant impact on survival; again, the extent of surgery had the strongest impact on survival (P\<0.01), and the use of TMZ had the second impact on survival (P = 0.035).

10.1371/journal.pone.0078943.t003

###### Univariate and multivariate analysis for survival.

![](pone.0078943.t003){#pone-0078943-t003-3}

  Variables                   Univariate   Multivariate
  -------------------------- ------------ --------------
  Age                                     
  \<60 years vs. ≥60 years       0.45          0.30
  Sex                                     
  Male vs. Female                0.46          0.77
  Extent of surgery                       
  GTR+SR vs. PR+biopsy          \<0.01        \<0.01
  Radiation dose (BED; Gy)                
  \>72 vs. ≤72                   0.75          0.18
  TMZ therapy                             
  Yes vs. No                    0.049         0.035
  IFN-β therapy                           
  Yes vs. No                     0.91          0.69

GTR, gross total removal; SR, subtotal removal; PR, partial removal; TMZ, temozolomide; BED, biological effective dose; IFN-β, interferon-β.

[**Table 4**](#pone-0078943-t004){ref-type="table"} shows univariate and multivariate analysis for the survival of patients in the TMZ group. Univariate analysis showed that the extent of surgery and MIB-1 LI had significant impacts on survival (P\<0.01), while there was no significant correlation between MGMT expression and survival (P = 0.53). Multivariate analysis revealed that MIB-1 LI had a significant impact on survival (P\<0.01). As shown in [**Figure 2**](#pone-0078943-g002){ref-type="fig"}, patients with low MIB-1 LI (≤ 23%) lived significantly longer than those with high MIB-1 LI (\> 23%) (P = 0.028 by two-sided log-rank test).

![Kaplan-Meier estimates of overall survival in TMZ-treated patients with high and low MIB-1 LI.\
Cut-off value for MIB-1 LI was set at 23%. P-values were calculated using a two-sided log-rank test.](pone.0078943.g002){#pone-0078943-g002}

10.1371/journal.pone.0078943.t004

###### Univariate and multivariate analysis for survival in the TMZ group.

![](pone.0078943.t004){#pone-0078943-t004-4}

  Variables                   Univariate   Multivariate[†](#nt104){ref-type="table-fn"}
  -------------------------- ------------ ----------------------------------------------
  Age                                     
  \<60 years vs. ≥60 years       0.30                           --
  Sex                                     
  Male vs. Female                0.83                           --
  Extent of surgery                       
  GTR+SR vs. PR+biopsy          \<0.01                        0.058
  Radiation dose (BED; Gy)                
  ≥72 vs.\<72                    0.47                           --
  IFN-β therapy                           
  Yes vs. No                     0.14                          0.92
  MGMT expression                         
  Positive vs. Negative          0.53                           --
  MIB-1 labeling index (%)                
  \>23 vs. ≤23                  \<0.01                        \<0.01

Potential prognostic factors of which P-value was calculated as \<0.15 were evaluated by multivariate analysis using stepwise method. TMZ, temozolomide; GTR, gross total removal; SR, subtotal removal; PR, partial removal; BED, biological effective dose; IFN-β, interferon-β; MGMT, O6-methylguanine DNA metyltransferase.

The incidence and degree of hematologic toxicity observed in the patients in the TMZ group were separately analyzed during the concomitant RT and TMZ periods and the adjuvant TMZ period. During the concomitant RT and TMZ period, grade 3 or 4 leukopenia, neutropenia, thrombocytopenia and anemia evaluated by Common Terminology Criteria for Adverse Events v4.0. was documented in 5 patients (11%), 4 patients (8.8%), 0 patients (0.0%) and 3 patients (6.7%), respectively ([**Table 5**](#pone-0078943-t005){ref-type="table"}). In contrast, no hematologic toxicity of grade 3 or higher was observed during the adjuvant TMZ period. Overall, 9 patients (20.4%) experienced grade 3 or 4 hematologic toxic effects.

10.1371/journal.pone.0078943.t005

###### Grade 3 or 4 hematologic toxicity in patients treated with temozolomide.

![](pone.0078943.t005){#pone-0078943-t005-5}

  Toxic effect        Grade 3    Grade 4
  ------------------ ---------- ---------
  Leukopenia          3 (6.7)    2 (4.4)
  Neutropenia         3 (6.7)    1 (2.2)
  Thrombocytopenia    0 (0.0)    0 (0.0)
  Anemia              3 (6.7)    0 (0.0)
  Any                 7 (16.0)   2 (4.4)

Hematologic toxic effects were evaluated by Common Terminology Criteria for Adverse Events v4.0.

Discussion {#s4}
==========

The present study showed that glioblastoma patients initially treated with a combined treatment of RT plus TMZ had significantly longer survival than historical controls, with a median survival benefit of 4.0 months. The survival advantage of the combined treatment lasted for at least 3 years. Multivariate analysis showed that TMZ therapy was the second most significant factor influencing survival after the extent of surgery. Although the present study is retrospective and took place in a single institution, to the best of our knowledge, this is the first report investigating the effect of combined therapy with RT and TMZ on Japanese patients with newly diagnosed glioblastoma.

Our results on the survival of TMZ-treated patients were in line with the results of the randomized phase III trial by the EORTC and NCIC (Stupp trial) [@pone.0078943-Stupp2]. However, there were several differences between the two studies that might have affected their clinical outcomes. First, the number of TMZ-treated patients who received GTR was smaller in the present study than in the Stupp trial (15.6% vs. 39.4%). This difference could be a negative bias for survival in the present study because the extent of surgery is one of the most significant prognostic factors in glioblastoma, as most previous studies have described. Second, the incidence of hematologic toxicity of grade 3 or higher was greater in the present study than in the Stupp trial during the concomitant RT and TMZ periods (20.4% vs. 6.7%). Third, adjuvant TMZ was continued as long as it was tolerable in the present study, while a maximum of 6 cycles were administered in the Stupp trial. Interestingly, in contrast with the concomitant period, the incidence of hematologic toxicity of grade 3 or higher was lower in the present study than the Stupp trial (0.0% vs. 14.3%) during the adjuvant period. As a result, the average number of adjuvant TMZ cycles administered in the present study was 7. The number of patients completing 6 cycles of TMZ treatment was greater in our study than the Stupp trial (57.7% vs. 47.1%). It is difficult to conclude how all of the differences described above actually affected the clinical outcome. However, the results of the present study indicate that the addition of TMZ to RT is beneficial for the survival for Japanese patients with newly diagnosed glioblastoma.

There are several possible reasons for the more severe hematologic toxicity observed in the concomitant RT and TMZ period. (i) We treated nearly all (95.7%) of the patients with newly diagnosed and histologically confirmed glioblastoma using TMZ. Therefore, there is a possibility that our cohort included a greater number of patients with unfavorable general conditions than the Stupp trial. (ii) The dose of TMZ used in the Stupp trial may be excessive for Japanese patients. (iii) Japanese individuals may be more susceptible to the concomitant use of TMZ with RT than others because of racial differences in single nucleotide polymorphisms. Further investigations are needed.

MGMT status is recognized as a strong predictor for the survival of newly diagnosed glioblastoma patients treated with RT and TMZ. MGMT is involved in the repair of DNA damage through the removal of the alkyl unit added by TMZ from the O^6^ position of desoxy-guanine [@pone.0078943-Gerson1]. Thus, in theory, the functional loss of MGMT enhances the cytotoxicity of TMZ. Previous studies have demonstrated that the methylation of the *MGMT* promoter, which leads to the silencing of *MGMT* transcription, has a significant impact on the response to TMZ-based therapy and the survival in patients with newly diagnosed glioblastoma [@pone.0078943-Stupp2], [@pone.0078943-Hegi1], [@pone.0078943-Weller1]. In most of the previous studies, the methylation status of the *MGMT* promoter has been evaluated by with methylation-specific polymerase chain reaction (MS-PCR). Meanwhile, Quillien *et al*. compared the predictive values of 5 techniques for assessing MGMT status in a series of 100 newly diagnosed glioblastoma patients treated with the Stupp protocol [@pone.0078943-Quillien1]. In their study, 5 techniques, MS-PCR, pyrosequencing, immunohistochemistry, methylation-sensitive high-resolution melting and high-throughput quantitative methylation assay (MethyLight), were investigated. As a result, pyrosequencing, MS-PCR and immunohistochemistry had significant predictive value for overall survival. In the present study, we selected immunohistochemical method to assess MGMT expression status because the amount of pathological samples was insufficient for performing MS-PCR. However, our results showed no significant correlation between MGMT expression and survival, even though the evaluation criteria used were the same as those of Quillien's study. In other previous studies, the correlation between immunohistochemically determined MGMT expression and the survival of glioblastoma patients treated with TMZ is controversial [@pone.0078943-Quillien1], [@pone.0078943-Chinot1]--[@pone.0078943-Tang1]. Taken together, the results of the current study suggest that immunohistochemistry analysis may not be suitable for assessing MGMT expression status as a predictor for the survival in such cases. Further investigation is warranted.

MIB-1, an antibody reactive to Ki-67 protein, is involved in cell-cycle progression. MIB-1 LI has been widely used as a cell proliferation marker in a variety of cancers [@pone.0078943-Brown1], [@pone.0078943-Colleoni1]. Previous studies have shown that MIB-1 LI is correlated with poorer survival in gliomas across all histological grades [@pone.0078943-Cunningham1]. However, the predictive value of MIB-1 LI for the survival of glioblastoma patients treated with RT and TMZ has not been well established. In the present study, MIB-1 LI with a cutoff at the median value of 23% was shown to be a significant predictor of survival by both univariate and multivariate analyses. Moreover, significantly shorter survival of TMZ-treated patients with high MIB-1 LI was shown by Kaplan-Meier estimates ([**Fig. 2**](#pone-0078943-g002){ref-type="fig"}). These data may point toward a strategy of increasing treatment intensity in patients with high MIB-1 LI. Taken together, further investigation employing larger cohorts will aid the exploration of useful predictors for survival, including MGMT status assessed by various methods and MIB-1 LI, in patients with glioblastoma treated with the combined RT and TMZ.

The current study and others have demonstrated that combined treatment with RT and TMZ significantly improves the survival of patients with newly diagnosed glioblastoma compared with historical controls [@pone.0078943-Stupp2], [@pone.0078943-Athanassiou1]. However, the results also clearly show that this combined therapy is not curative. Thus, further development of novel treatment strategies for glioblastoma is required. The addition of emerging molecular-targeted drugs to combined RT and TMZ has been tested. Thus far, the addition of erlotinib (EGFR tyrosine kinase inhibitor) and bevacizumab (humanized monoclonal antibody against vascular endothelial growth factor) has resulted in a measure of therapeutic gain [@pone.0078943-Prados1], [@pone.0078943-Lai1]. Another potential direction that has generated several promising results is dose escalation in RT using intensity-modulated radiation therapy (IMRT) techniques [@pone.0078943-Tsien1], [@pone.0078943-Iuchi1]. Our institute has been treating glioblastoma patients with a regimen consisting of 3DCRT (2 Gy/fraction for the first 46 Gy) and the following IMRT (3 Gy/fraction to GTV and 2 Gy/fraction to the area with 1.5-cm margin surrounding GTV for total of 7 fractions), along with TMZ, since January 2012. Further investigation to explore the survival benefit from these novel treatment strategies, including our dose escalation study, is needed.
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